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Abstract 
Monolithic, porous, thermal protection systems were used heavily on the Apollo command module, and they are currently 
being used on the next generation of US manned spacecraft, Orion.  These systems insulate reentry critical components of a 
spacecraft against the intense thermal environments of atmospheric reentry.  Additionally, these materials may be highly 
exposed to space environment hazards like solid particle impacts.  This paper discusses impact studies up to 10 km/s on 
nominally 0.56 g/cm3 Avcoat ablator with phenolic flexible hexcore.  An impact model that describes projectile dispersion in 
a monolithic material is described that provides excellent agreement with observations over a broad range of impact 
velocities, obliquities and projectile materials. 
© 2015 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
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Nomenclature 
c Zero intercept of linear shock vs. particle velocity (km/s) 
d Diameter (cm) 
ℓ Depth of compressible penetration (cm) 
ഥ݉  Areal density (g/cm2) 
M Mass (g) 
P Penetration depth (cm) 
r Radius (cm) 
s Coefficient of linear shock vs. particle velocity (km/s) 
u Particle velocity (km/s) 
U Shock wave velocity (km/s) 
w Width (cm) 
x Distance (cm) 
Y Dynamic compression strength (GPa) 
Symbols 
P Reduced mass 
T Angle 
Z Expansion ratio 
U Density (g/cm3) 
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Subscripts 
i Impact 
p Projectile 
0 Expansion material 
∞ Semi-infinite 
צ Parallel 
٣ Perpendicular 
1. Introduction 
Porous monolithic ablative systems are frequently used on the hottest regions of a reentry vehicle to insulate 
against the reentry plasmas generated by atmospheric braking from orbital and exo-orbital velocities [1].  Due to 
the necessity that these materials create a temperature gradient up to several thousand Kelvin over their 
thickness, it is important that these materials are near their pristine state prior to reentry. While efforts are made 
to try and protect these reentry critical materials while in flight, these materials may also be on surfaces exposed 
to space environment threats like orbital debris and meteoroids leaving a probability that these exposed surfaces 
will be below their prescribed values [2].  
Owing to the typical small size of impact craters in these materials and thermal design margin, the local flow 
fields over these craters and the ablative process afford some performance margin for a locally scarred thermal 
protection design.  The acceptability of a locally reduced thermal protection system is limited with the key limit 
being a direct impingement of the reentry plasma on spacecraft structure; however, thermal protection ablatives 
are commonly subject to the most intense reentry environments, and as such, the limit of acceptability for an 
ablative is realized even if the structure is not directly exposed.  For these cases the plasma within the cavity 
ingests enough energy from the flow field and transports the heat from the exterior atmosphere to the bottom of 
the cavity. The heated bottom of the cavity creates a strong temperature gradient across the remaining material 
results in heat transfer to underlying structural elements that raises the temperature of the structural elements 
above their safe operating condition despite the presence of residual thermal-protection material.  The remaining 
thickness of insulating material after an impact is then the important parameter describing the worthiness of the 
vehicle to reenter; consequently, the depth of penetration is the principal observable required when testing the 
performance of this material to the orbital debris and meteoroid environments.   
In the testing reported here, these materials have been impacted with projectiles typical of the orbital debris 
environment and surrogate to the meteoroid environment to determine the depth of penetration.  These tests 
have been performed at NASA Johnson Space Center’s remote White Sands Test Facility two-stage gas guns to 
ذ 8 km/s and at University of Dayton Research Institute’s three-stage gas gun to ׽ 10 km/s [3].  Both facilities 
are capable of precision measurements of pre-test projectiles, impact velocities to ±0.2 km/s and projectile 
integrity verification prior to impact.  The post-test characterizations are performed by the Hypervelocity Impact 
Technology (HVIT) group at NASA Johnson Space Center for the Multi-Purpose Crew Vehicle (MPCV). 
2. Materials & Methods 
The Multi-Purpose Crew Vehicle (MPCV) program office has performed 36 shots for the Orion spacecraft 
where the main projectile cavity is within the ablative Avcoat thermal protection material. For the Avcoat 
material considered here, the Avcoat is manually injected into a hexagonal phenolic honeycomb with an average 
density of about 0.56±0.06 g/cm3. The impact tests into Avcoat produce a crater in the Avcoat with a typical 
record from the HVIT shot database, 11311, shown in Figure 1.  This record is for a normal impact to the target 
surface at 7.78 km/s performed with a 1.59 mm Nylon projectile. Figure1a shows an image of the impact crater, 
and as can be seen in the image, the projectile interacted with the phenolic honeycomb cell wall. To characterize 
the crater damage in the Avcoat, a point measurement of the maximum depth is obtained with a Keyence LK-
G152 laser depth finder. In addition to the maximum depth measurement, three-dimensional scans are 
performed using a Keyence VHX-600 digital microscope with a profile of the scan along the widest width of the 
crater from 11311, which is approximately on the diagonal of Figure 1a. Overlain on the scan are illustrations of 
the important cavity measurements that result from the impact of a projectile of diameter, ݀௣, that include: the 
normal penetrated depth, ܲ, and full width at half max, ݓୄ. For oblique impacts similar widths can be obtained 
in the direction of propagation, ݓצ.  
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(a) 
 
(b) 
 
Fig. 1. Typical impact record from shot number 11311 into Avcoat including (a) a crater image and (b) a profile image of largest 
crater width (diagonal of the impact crater image) showing the width and penetration depth measurements. 
 
The interaction of the projectile with the honeycomb cell is apparent in the profile image of Figure 1b as a 
decrease in the penetration in the vicinity of the cell wall. As this interaction with the cell wall occurs frequently 
over this test series, the presence of the honeycomb increased the scattering of the measurements. These cavity 
measurements have been recorded for a variety of projectile material, sizes, impact obliquities, and impact 
speeds in Table 1 [4]. The accuracy of the cavity measurements is limited to the determination of cavities. The 
technique used, as illustrated in Figure 1b, uses a circle centered on the impact point with the uncertainty 
determined from the variation about that circle. The maximum depth uncertainty is related to the measurement 
device uncertainty and as a consequence is much lower than the cavity uncertainty. Due to the possible presence 
of persistent projectile fragments and channeling effects in the vicinity of the honeycomb cell wall, the 
maximum depth may be deeper than the cavity depth; however, due to flow stagnation in narrow tubules where 
the maximum depth may occur, the cavity depth is the principal measure needed for determining reentry 
worthiness. 
3. Theory 
 An illustration of the Avcoat ablative system model for consideration with the orbital debris and 
micrometeoroid environment is given in Figure 2. In Figure 2a, the illustration shows the density profile a 
projectile experiences at impact with a low density ablative material making first contact and then proceeding on 
to the substrate.  The low density ablative generates a shock wave in the incoming threat, which if sufficiently 
high, facilitates the fragmentation/melt of the threat. While the phenolic honeycomb represents a small fraction 
of the exposed area of the ablator, direct impact with the honeycomb results in higher impedance enhancing the 
fragmentation/melt of the threat. The magnitude of the stresses from an impact are dependent on the impact 
velocity, ݑ௜, and as the material decompresses it propagates through the porous ablative at a particle velocity, ݑ, 
resulting in scattered fragments and a diffusion of molten material as shown in Figure 2b.  The expansion ratio, 
߱, is the measure of diffusion of the fragmented/melted projectile and ablative material and is determined from 
the cavity radius, ݎ, and flight depth, ݔ.  Due to the expansion of the material, the impact remnants are stopped 
over a reduced depth with a significant transfer of kinetic energy to thermal energy in the porous ablative due to 
pore collapse.  The porosity of the ablator makes the initial sound speed negligible in comparison to particle 
velocities, thus, the shock wave velocity, ܷ, is approximately proportional to the particle velocity. 
The modeling approach for these monolithic materials is very similar to that used in a recently developed 
surface coated thermal protection model [5]; however, in the place of the surface coating it is necessary to 
consider a thickness of the monolithic material that corresponds to the distance traveled by the shock wave after 
initial impact before the rarefaction wave from the vacuum side release wave arrives. Assuming a linear 
relationship between the kinematic properties of shock wave velocity and particle velocity, ܷ ൌ ݏݑ ൅ ܿ, for 
both the projectile and the porous target, the particle velocity that conserves mass and momentum across the 
interface is given by 
ݑஶ ൌ
൫ଶఘ೛௦೛௨೔ାఘ೛௖೛൯േට൫ଶఘ೛௦೛௨೔ାఘ೛௖೛൯మିସ൫ఘ೛௦೛ିఘబ௦బ൯൫ఘ೛௖೛௨೔ାఘ೛௦೛௨೔మ൯
ଶ൫ఘ೛௦೛ିఘబ௦బ൯ ǡ 
where subscripts ݌ and Ͳ represent the projectile and the Avcoat, respectively. The terms ߩ, ݏ and ܿ  are the 
density, linear coefficient and zero intercept between the particle and shock wave velocity, respectively. 
Although the zero intercept wave speed is negligible for Avcoat, the particle velocity is not equivalent to the 

ݓ٣
ሺͳሻ
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shock wave velocity, and with the compressed state approximately on an isochor at about five times the initial 
density, the slope for the Avcoat is approximately 1.25.  
Table 1. Avcoat direct impact penetration data [4] 
Shot No. Mat. Mass Impact 
Speed 
Impact 
Angle 
¸¨Cavity 
Width 
ACavity 
Width 
Cavity  
Depth 
Maximum 
Depth 
  (g) (km/s) (°) (mm) (mm) (mm) (mm) 
8287 Al 0.00257 8.01 0 6.0±1.0 6.0±1.0 8.0±0.2 9.0±0.1 
8288 Al 0.00258 8.26 45 8.0±2.0 6.5±1.0 6.5±0.5 6.9±0.1 
8306 Al 0.01970 9.27 0 15.0±2.0 15.0±2.0 18.0±1.0 20.9±0.1 
8358 Al 0.00595 6.95 0 8.0±1.5 8.0±1.5 12.5±3.0 14.0±0.1 
8359 Al 0.00595 4.56 0 7.0±1.0 7.0±1.0 15.1±0.3 15.1±0.1 
8360 Al 0.05778 6.98 0 16.0±3.0 16.0±3.0 27.0±3.0 32.7±0.1 
8363 Al 0.02551 4.46 0 8.0±2.0 8.0±2.0 19.1±0.4 19.1±0.1 
8364 Nylon 0.01925 6.95 0 14.5±2.0 14.5±2.0 12.0±2.0 14.4±0.1 
8365 Nylon 0.01967 6.97 45 15.0±3.0 14.0±3.0 9.0±1.5 11.5±0.1 
8366 Al 0.25092 6.82 45 42.5±5.0 28.0±4.0 30.5±3.0 39.8±0.1 
8367 Al 0.14174 7.04 0 23.0±2.0 23.0±2.0 39.0±4.0 46.5±0.1 
8368 Al 0.05777 6.94 60 27.0±3.0 20.0±2.0 14.0±1.0 16.2±0.1 
8369 Al 0.03928 4.07 45 14.0±2.0 9.0±1.0 14.5±0.3 14.5±0.1 
8370 Al 0.05776 6.93 70 30.0±3.0 25.0±2.0 13.1±0.3 13.1±0.1 
8371 Nylon 0.01938 7.10 70 19.0±2.0 14.0±2.0 7.0±1.0 8.0±0.1 
8372 Al 0.19494 6.93 0 25.0±3.0 25.0±3.0 40.5±5.0 45.0±0.1 
10178 Al 0.14160 6.67 0 19.0±2.0 19.0±2.0 37.0±7.0 37.0±0.1 
10179 Al 0.02552 4.46 0 8.0±1.0 8.0±1.0 18.9±4.0 18.9±0.1 
10180 Al 0.23143 4.07 65 39.0±4.0 15.5±2.0 19.0±4.0 19.0±0.1 
10181 Al 0.11656 3.55 30 18.0±3.0 15.0±3.0 21.7±4.0 21.7±0.1 
10182 Al 0.19498 4.23 30 23.5±2.0 16.5±2.0 29.0±6.0 29.0±0.1 
10183 Al 0.05773 6.94 65 26.0±3.0 17.0±2.0 16.1±3.0 16.1±0.1 
10184 Al 0.26150 5.02 75 47.0±5.0 29.0±3.0 18.5±4.0 18.5±0.1 
10185 Nylon 0.01528 7.03 45 34.0±4.0 30.0±3.5 26.5±5.0 26.5±0.1 
10186 Nylon 0.12573 7.04 55 31.0±5.5 26.5±3.0 21.9±4.0 21.9±0.1 
10188 Al 0.05780 6.94 60 26.0±3.5 21.0±2.0 15.2±3.0 15.2±0.1 
10212 Steel 0.04722 7.12 75 36.0±3.5 10.0±2.0 13.8±0.3 13.8±0.1 
10213 Steel 0.01332 7.08 75 26.5±3.0 6.0±2.0 8.4±0.2 8.4±0.1 
11309 Nylon 0.00223 4.05 0 6.0±1.0 6.0±1.0 5.8±0.1 5.8±0.1 
11310 Nylon 0.00814 4.28 45 9.5±1.0 8.0±1.0 7.1±0.1 7.1±0.1 
11311 Nylon 0.00225 7.78 0 8.0±0.0 8.0±1.0 8.0±0.2 8.0±0.1 
11312 Nylon 0.00222 8.09 45 7.0±1.0 7.0±1.0 5.3±0.5 5.8±0.1 
11313 Steel 0.00202 6.75 0 4.5±1.0 4.5±1.0 11.6±0.2 11.6±0.1 
11314 Steel 0.01080 7.25 60 14.0±1.0 7.0±1.0 11.0±0.2 11.0±0.1 
13016 Steel 0.00396 9.46 30 10.0±1.0 9.7±1.0 16.0±2.0 17.9±0.1 
13017 Nylon 0.00720 9.21 0 16.0±1.0 16.0±1.0 11.0±2.0 11.0±0.1 
 
The shock wave during this initial compression has approximately constant passage velocities dependent on 
these terms yielding a thickness, κ, of Avcoat necessary to achieve a fully compressed projectile determined by 
solving for the depth of the Avcoat that is shock wave compressed while the backward propagating shock wave 
is in the projectile given by 
κ ൌ ௠೛തതതതതఘ೛ 
௦బ௨ಮ
௦೛ሺ௨೔ି௨ಮሻା௖೛
ܥ݋ݏሾߠ௜ሿǡ 
where ݉௣തതതത and ߠ௜ are the areal density of the projectile given by ʹ ͵Τ ߩ௣݀௣ and impact obliquity, respectively.  
 
(a) 
 
(b) 
 
Fig. 2. Porous monolithic impact (a) density profile experienced by a projectile and (b) dispersion of impact debris schematic. 
 
After the shock wave travels this distance, the shock wave velocity is ଴ܷ ൌ ݏ଴ݑஶ and begins to decay due to 
the rarefaction wave releasing material to vacuum. The mass within a control volume from the shock wave front 
ሺʹሻ
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to the vacuum is a summation of the mass of the projectile, the mass of the Avcoat that is responsible for the 
compression of the projectile, and the accreted mass given by: 
ഥ݉ ൌ ቀ݉௣തതതത ൅ ߩ଴κ െ ఘబ௥೛ ఠΤଷ ቁቀ
௥೛
௥ ቁ
ଶ ൅ ఘబሺ௫ିκሻଷ Ǥ 
where ݎ௣ is the projectile radius. The second term on the right hand side of Eqn. 3 is the mass of the Avcoat that 
has directly undergone accelerations by the expanding shock wave front from the projectile which is the product 
of the density of the Avcoat and the volume of the cone created by the expansion where ݎ௣ ߱Τ  removes the 
volume that is extrapolated beyond the Avcoat interface and ߱ is an expansion description such that the radius, 
ݎ, at a given flight depth, ݔ, is ൌ ɘሺ െ κሻ ൅ ୮. 
With these accommodations, the derivation of the decaying solution as derived in the surface coated thermal 
protection model [5] holds yielding a terminal solution of projectile radius given by 
ݎ௣ ൎ ఠሺ௫ିκሻሺଷఠఓሻభ యΤ ܧݔ݌ ቂ
ସగ
ଽξଷ
ଵ
ሺଷఠఓሻభ యΤ ቃ ቀ
௦బ
௦బାଵ
௒బ
ଵ ଶΤ ఘబ௎బమቁ
భ
యሺೞబశభሻǡ 
where ଴ܻ and ߤ are compression strength of Avcoat at the onset of complete pore collapse and the dimensionless 
reduced mass given by, 
ߤ ൌ ௠೛തതതതതାఘబκఘబ௥೛ െ
ଵ
ଷఠǡ 
respectively.  
As the Avcoat is monolithic, there is no discontinuous change in the particle flux, so the expansion is the 
fraction of thermal energy to total energy. Using an energy balance from the perspective of the Avcoat incident 
on a projectile to determine the fraction of thermalized energy to total energy yields 
߱ ൌ ௨೔మି௨ಮమ௨೔మ Ǥ
This expansion is shown in Figure 2 for aluminum, Nylon and steel projectile impacts onto Avcoat as a function 
of impact velocity. The material property assumptions for the aluminum, Nylon and steel are summarized in 
Table 2 while the Avcoat is calculated with a density, ߩ଴, of 0.56 g/cm3 and a slope, ݏ଴, of 1.25.  
 
Table 2. Assumed projectile properties [2] 
Material Density, ࣋࢖ Slope, ࢙࢖ Intercept, ࢉ࢖ 
 (g/cm3)  (km/s) 
Al2017-T4 2.796 1.29 5.37 
Nylon 1.146 1.18 3.91 
SS440C 7.65 1.49 4.57 
 
As can be seen in Figure 3, the Nylon on Avcoat impacts generate the highest expansion due to the high 
thermal component of that impact, and aluminum and steel generate less expansion. This expansion can be 
compared to the impact records of Table 1 by using the ratio of lateral advance of the impact remnants to the 
forward advance after full shock wave compression determined from the impact record by 
߱ ൌ ௪఼ିௗ೛ଶሺ௉ିκሻ ܥ݋ݏሾߠ଴ሿǡ
where ݀௣ and ߠ଴ are the diameter of the projectile and the transmitted angle, respectively. The comparison of 
the calculated expansion ratios relative to the measured expansion ratios is shown in Figure 4a. In the figure, the 
diagonal represents perfect agreement between the modeled and crater determined value. Aluminum, Nylon and 
steel projectiles are all represented in the figure at relative impact speeds between 3 and 10 km/s. 
ሺ͵ሻ
ሺͶሻ
ሺ͸ሻ
ሺ͹ሻ
ሺͷሻ
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Fig. 3. Expansion dependence on impact speed and projectile material. 
 
The transmitted angle is the angle that the material from the initial impact moves through the remainder of 
the porous material. This angle is determined from the mass averaged interaction of the projectile with the 
compression thickness of Avcoat which is given by 
ܵ݅݊ሾߠ଴ሿ ൌ ௠೛തതതതത௠೛തതതതതାఘబκ ܵ݅݊ሾߠ௜ሿǤ
Because the transmitted angle also represents the point of the deepest normal penetration into the material, the 
transmitted angle can also be evaluated relative to cavity measurements of Table 1 by solving the equation 
గ
ଶ ൌ ߠ଴ ൅ ʹܵ݅݊ିଵ ൤
௪఼
ଶ௉ ܥ݋ݏሾߠ଴ሿ൨ ൅ ܥ݋ݏିଵ ൤
௪צ
௉ ܥ݋ݏሾߠ଴ሿ൨Ǥ
The comparison of both calculated and experimentally determined transmitted angle is in Figure 4b. As it is 
with Figure 4a, the diagonal represents perfect agreement between the modeled and crater determined value, and 
all projectile materials and relative impact speeds are represented. 
To compensate for impact obliquity in determining the depth of penetration, the amount of Avcoat the 
projectile interacts with is along the flight path. Corrections for this are made by adjusting the areal density of 
the pre-fully compressed Avcoat layer in the initial velocity equation by the cosine of the impact obliquity. 
Similarly, the depth normal to the Avcoat surface is determined from the flight depth by adjusting to the cosine 
of the transmitted angle from Eqn. 8.  
 
(a) 
 
(b) 
 
Fig. 4. Impact crater comparisons between modeled and measured values for (a) expansion ratio and (b) transmission angle. 
 
4. Discussion 
The above equations represent the necessary set of equations to determine the critical particle size that 
achieves a specified level of penetration into the Avcoat. Figure 5 shows the performance for this model relative 
to the impact data collected in Table 1. In Figure 5, the compressive strength at full pore collapse used in Eqn. 4 
has been determined from compression tests to be 4.5 MPa. As with Figure 3 and 4, the Avcoat properties for 
density and the ratio of the shock wave velocity to the particle velocity are taken to be 0.56 g/cm3 and 1.25, 
respectively. Figure 5a shows the mass calculated from Eqn. 4 for each of the tests in Table 1 along the abscissa 
with the tested mass along the ordinate. In this figure, perfect agreement is along the diagonal, so as can be seen 
(8) 
ሺͻሻ
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even with the large range of conditions considered the model performs well. In Figure 5b, the output from Eqn. 
4 is broken down further by examining the error between the modeled and actual diameter from Table 1. This 
figure shows the fractional difference between the calculated critical diameter to the depth produced by the 
tested critical diameter for aluminum (blue), Nylon (red) and steel (green) projectiles. This fractional difference 
is shown as a function of the normal component of the impact velocity into the Avcoat. In the figure, tests that 
have fractional errors greater than zero are modeled bigger than the actual projectile, and shots that have errors 
less than zero are modeled with smaller than the actual projectile. In general, the critical diameters are modeled 
to within 20% with all shots modeled to within 35% with no residual evidence of model bias. 
 
(a) (b) 
Fig. 5. Impact performance showing (a) calculated versus tested critical mass and (b) fractional error in critical diameter for Al, Nylon 
and steel tests. 
 
5. Conclusion 
Using the data obtained from hypervelocity impact tests of monolithic Avcoat, a model originally developed 
for surface coated ceramic thermal protection materials has been extended to this class of material using the 
material equation of state and strength properties. The monolithic thermal protection material for Avcoat 
explains these findings and facilitates extrapolation to alternative materials configurations and impact 
conditions.  The model addresses the initial interaction and deceleration of the projectile with the low density 
material and the resultant expansion and arrest of the impact debris.  Solving the transcendental equation for 
critical mass to a given penetration depth can then be used to define the ballistic performance limit of a 
monolithic thermal protection material.   
While this work has been performed specifically for the Avcoat thermal protection material, the model itself 
is independent of the monolithic, porous material chosen and has been used to predict the performance of other 
materials to vastly different conditions with great success [6], and may find additional utility in understanding 
cratering in lunar dust environments, agglomerated asteroids and porous, ice surfaces. Future work is necessary 
to understand the implications of dissociation and ionization of the low density material, and the penetration of 
the solid fragments beyond the main cavity.   
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